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ABSTRACT 


An  electron  microscopic  investigation  of  the  mechanics 
of  liquid  metal  embrittlement  is  described.  Specimen  prep¬ 
arations,  techniques,  and  tentative  conclusions  are  reported 
on  the  aluminum-gallium  couple. 


INTRODUCTION 


Liquid-metal  embrittlement  is  the  premature  failure  of  a  metallic 
body  when  subjected  to  a  liquid-metal  environment.  Attempts  to  under¬ 
stand  the  mechanisms  of  an  embrittling  reaction  have  been  mainly  limited 
to  macroscopic  observations  and  mechanical  tests.  Some  fundamental 
studies  of  the  embrittlement  process  have  been  conducted,  but  as  yet  a 
complete  atomic  mechanism  of  embrittlement  by  a  liquid  metal  remains 
uncertain.  No  single  couple  of  a  particular  liquid  and  solid  metal  has 
been  studied  in  sufficient  detail  to  provide  a  clear  relationship  between 
the  nature  of  embrittlement  and  certain  important  variables  (temperature, 
prior  history,  chemistry  of  solid  and  liquid  metal) . 

This  research  program,  being  conducted  under  the  auspices  of  the 
Office  of  Naval  Research,  is  a  study  of  a  particular  couple  (aluminum- 
gallium)  utilizing  techniques  of  transmission  electron  microscopy. 
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BACKGROUND 


Most  metals  and  alloys  are  susceptible  to  liquid  metal  embrittlement; 
however,  certain  conditions  (e.g.,  proper  selection  of  the  liquid  metal, 
temperature,  stress)  vary  from  alloy  to  alloy. 

Many  mechanical  tests  and  macroscopic  observations  have  been  made 
on  embrittled  metals  for  the  purpose  of  gaining  some  insight  on  the 
mechanisms  of  the  embrittling  process.  The  fracture  process  has  been 
described  as  a  brittle  fracture,  generally  caused  by  intercrystalline 
cracking.  Stress-strain  tests  on  unwetted  metals  and  metals  wetted  with 
liquid  metal3  have  shown  that  ductility,  at  fracture,  is  severely  decreased 
by  a  liquid  metal  environment.  It  was  found  that  ductility  sharply  de¬ 
creased  as  the  available  supply  of  liquid  metal  increased.  Yield  strength 
and  work-hardening  rates  remained  unaffected;  however,  the  fracture  stress 
can  be  lower  than  the  yield  stress  if  sufficient  liquid  (metal)  exists. 

When  the  supply  of  liquid  metal  was  bountiful,  the  test  specimens  often 
fractured  at  stresses  below  the  normal  yield  stress. 

Macroscopic  observations  have  shown  several  variables  to  be  strong 
rate-controlling  parameters.  Some  of  these  are: 

1.  Wetting  behavior  of  the  liquid  metal 

2.  Temperature 

3.  Grain  size 

4.  Stress 

The  first  condition  indicates  that  effective  wetting  is  necessary 
to  establish  an  intimate  interface  between  the  liquid  and  solid  metals. 

An  impenetrable  surface  layer,  or  complete  lmmiscibl lity  in  the  solid 
and  liquid  states  would  prohibit  wetting,  and  thus  constitute  defenses 
against  liquid-metal  embrittlement. 

Since  embrittlement  has  been  seen  to  exhibit  strong  dependence  on 
temperature,  it  was  shown  by  experiment  that  transport  of  the  liquid 
metal  appears  to  be  the  major  rate-controlling  parameter.  Under  con¬ 
ditions  of  constant  stress,  time-to-f racture  was  found  to  decrease  as 
the  temperature  was  raised. 


2 


The  grain  size  dependence  of  liquid  metal  embrittlement  was  investi¬ 
gated  (for  a  brass-mercury  couple)  and  the  fracture  stress  was  observed 
to  decrease  as  the  grain  diameter  increased  over  a  limited  range. 

The  importance  of  stress  as  a  major  rate-controlling  parameter  was 
shown  by  time-to- fracture  date:  The  time -to- fracture  decreased  sharply 
with  increases  of  an  externally  applied  stress. 

A  cursory  literature  survey  of  this  field  yields  a  wealth  of  infor¬ 
mation;  however,  a  basic  understanding  of  the  kinetics  of  embrittlement 
by  liquid  metals  has  not  been  established.  No  single  embrittlement  couple 
has  been  studied  in  detail  to  provide  a  clear  relationship  among  the 
several  major  variables. 

The  objective  of  this  research  program  is  to  investigate  the  in¬ 
fluence  of  liquid  metals  on  the  brittle  fracture  behavior  of  solid  metals 
and  alloys,  and  to  attempt  to  gain  a  fundamental  understanding  of  the 
embrittlement  process. 
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WORK  PERFORMED 


Materials 


The  aluminum-gal 11 um  couple  was  chosen  for  this  study  in  order  to 
satisfy  several  stringent  instrumental  requirements  of  electron  micros¬ 
copy.  The  solid  metal  (aluminum)  was  chosen  as  a  compromise  among  the 
followirj  requirements: 

1.  Medium  atomic  weight  (for  electron  transmission  requirements) 

2.  Ease  and  reproducibility  of  forming  thin  films  (0 ,000005-inch- 
thick  needed  for  electron  microscopy)  from  bulk  specimens 

3.  High  electrical  conductivity  f for  elimination  of  electro¬ 
static  charge  in  electron  transmission  studies; 

4.  Practicality  as  an  industrial  or  structural  metal 

The  liquid  metal  (gallium)  was  chosen  because  of  the  following 
requirements : 

1.  Good  wetting  behavior  with  aluminum  in  the  solid  state 
(necessary  for  liquid  metal  embrittlement’ 

2.  Low  vapor  pressure  in  a  vacuum  system  'necessary  in  order  to 
keep  contamination  rate  to  a  minimum  and  to  prevent  evaporation 
in  an  electron  microscope  at  a  pressure  level  of  10~5  Torr) 

3.  Liquid  metal  must  have  melting  point  slightly  above  room 
‘emperature  (in  order  to  liquefy  metal  under  the  heat  of 
electron  bombardment  in  an  electron  microscope';  the  melting 
point  of  gallium  iS  29.8°C 

4.  The  liquid  metal  must  have  a  higher  atomic  scattering  factor, 
or  higher  mass  absorption  coefficient,  than  the  solid  metal 
for  diffraction  studies  in  order  to  develop  sufficient  image 
contrast  on  film  records 


Aluminum  of  high  purity  (99.99tK  from  Kaiser  Aluminum  Company, 
Oakland,  California  and  gallium  (99.999^  from  Electronic  Space  Products, 
Inc.,  Los  Angeles,  California  were  used  in  this  study. 


Techniques 


Specimen  preparations  for  electron  mir-roscopy  were  accomplished  as 
follows.  The  aluminum  was  rolled  to  0.010  inch  in  thickness,  annealed 
and/oi  recrystallized  (for  grain  growth),  and  electropolished  in  one 
part  perchloric  acid,  four  parts  ethyl  alcohol  at  -10°C,  using  standard 
techniques.  Suitable  sections  of  thickness,  0.000005  inch  or  less,  were 
cut  and  mounted  on  a  tensile  device  for  insertion  into  the  electron 
microscope.  Liquid  gallium  was  applied  by  one  of  two  possible  methods: 

3.  Vapor  deposition  in  a  vacuum  evaporator 

2,  Deposition  by  a  miniature  heated  probe. 

It  was  found  that  transport  could  be  followed  more  closely  by  the 
second  deposition  technique.  Vacuum  evaporation  deposited  a  uniformly 
thick  layer  of  gallium  with  the  result  that  small  amounts  of  the  liquid 
transfer  could  not  be  followed  closely  because  of  low  image  contrast. 
Deposition  by  the  miniature  heated  probe  deposited  a  single  particle  of 
molton  gallium  at  a  selected  locale,  and  diffusion  paths  were  plainly 
seen  to  lead  from  this  deposit. 

An  Hitachi  HU-11  electron  microscope  operating  at  a  voltage  of 
100  kV  was  used  in  this  study.  Test  specimens  were  strained  in  tension 
during  observation  in  the  electron  microscope  on  a  tensile  device  capable 
of  +  10$  strain.  The  mild  temperature  increase  necessary  to  melt  the 
gallium  (m.p.  29.8°c)  was  accomplished  by  controlling  the  current  density 
of  the  electron  beam,  and  occurred  at  a  minimum  beam  current  of  30  pA. 

Air  oxidation  of  the  thin  aluminum  foils  was  kept  to  a  minimum  by 
storing  the  test  specimens  in  ethyl  alcohol.  Mounting  of  the  test 
specimens  and  application  of  liquid  gallium  was  done  in  the  minimum  time 
possible  (one  minute)  and  the  tensile  assembly  was  immediately  placed  in 
a  vacuum  chamber  of  the  electron  microscope.  This  treatment  yielded  good 
test  specimens  with  a  shallow  surface  oxide  which  did  not  inhibit  the 
formation  of  the  intimate  interface  necessary  for  liquid  metal  embrittle¬ 
ment  . 
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Experimental  Observations 


Several  cursory  macroscopic  tests  were  conducted  to  visualize  the 
speed  of  fracture  and  to  observe  its  dependence  on  the  type  of  stress 
(compressive  or  tensile). 

Figure  1  is  a  photograph  of  a  l/4"  x  l/2"  x  5"  bar  of  7075-T6 
aluminum  alloy,  cold  rolled  3$,  and  bent  as  shown.  With  liquid  gallium 
applied  to  each  face,  fracture  occurred  only  on  the  surface  exposed  to 
residual  tensile  stresses.  This  behavior  is  well  substantiated  by  more 
exacting  work  in  the  literature.  Fracture  occurred  instantaneously  and 
was  accomplished  by  an  audible  tick. 

A  similar  test  conducted  at  a  temperature  below  the  melting  point 
of  gallium  produced  no  fracture  until  the  temperature  was  raised  above 
30°C,  the  melting  temperature  of  gallium. 

Some  simple  bend  tests  on  annealed  bars  of  2024-T6  and  1100  aluminum 
alloys  produced  similar  results  when  gallium  was  deposited  on  the  convex 
surfaces  under  tensile  stresses.  It  was  noted  that  fracture  was  ex¬ 
clusively  intergranular,  and  the  fracture  terminated  near  the  neutral 
axis  (i.e.,  approximately  midway  between  the  surfaces  under  tensile  and 
'.ompressive  stresses)  . 

Several  of  the  fracture  surfaces  were  removed  and  examined  with 
X-ray  techniques,  with  the  intent  of  identifying  any  intermetallic  phase 
produced  by  the  solid  metal-liquid  metal  reaction.  No  such  intermetallic 
was  noted . 

A  typical  electron  microscopic  observation  began  with  a  fully 
annealed  (stress  free)  specimen  placed  in  the  tensile  assembly.  The 
gentle  heating  necessary  to  melt  the  gallium  was  accomplished  by  in¬ 
creasing  the  electronic  current  density  until  the  gallium  was  seen  ,o 
wet  the  aluminum  surface.  Generally,  the  gallium  was  placed  at  the  edge 
of  the  foil,  as  in  Fig.  2.  The  test  specimen  was  then  strained  gradually 
until  fracture  occurred. 
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The  fracture  always  initiated  ai  the  gallium  deposit,  and  traversed 
the  specimen  at  an  orientation  of  approximately  90°  to  the  tensile  axis. 
The  crack  propagation  velocity  was  too  high  for  normal  sequential  photo¬ 
graphic  studies;  however,  some  typical  ”after-the-event"  photomicrographs 
are  presented  in  Figs.  3,  4,  5,  and  6. 

Some  interesting  observations  have  been  made  from  these  photographs. 
Figures  3,  4,  5,  and  6  exhibit  a  "clean"  fracture  surface  characteristic 
of  liquid  metal  embrittlement.  The  fracture  surface  appears  to  be  free 
of  the  "serrated"  edge  typical  of  the  shear  fracture  of  an  unwetted 
aluminum  specimen,  as  in  Fig.  7.  In  addition,  Figs.  3  and  4  show  the 
fracture  to  be  intercrystalline  in  nature. 

Observations  indicate  that  the  crack  propagation  continues  until 
the  supply  of  gallium  is  exhausted.  This  is  evidenced  in  Figs.  8  and  9. 
Figure  8  is  the  blunt  end  of  a  crack  in  a  thicker  part  of  the  specimen. 
This  type  of  fracture  is  characterized  by  blunt-ended  cracks,  which 
appear  to  be  free  of  liquid  gallium.  If  a  thin  layer  of  gallium  remains 
at  the  crack  tip,  its  presence  is  beyond  the  limits  of  detection  of  con¬ 
ventional  electron  microscopy  and  electron  diffraction.  Figure  9  is  an 
electron  micrograph  of  the  fracture  surface  taken  a  few  microns  distant 
from  the  crack  tip  of  Fig.  8.  Along  its  surface  are  seen  the  torn  rem¬ 
nants  of  the  surface  oxide  of  aluminum,  with  droplets  of  liquid  gallium 
held  in  suspension.  After  cooling  to  solidify  the  gallium,  attempts  to 
detect  intermetallic  formation  by  electron  diffraction  studies  yielded 
no  evidence  of  alloying. 

Further  studies  of  the  catastrophic  embrittling  behavior  will  be 
conducted  with  high  speed  photographic  techniques  to  determine  if 
fracture  is  of  a  continuous  or  discontinuous  nature.  In  a  discontinuous 
failure,  the  embrittling  liquid  would  initiate  a  crack  which  could  propa¬ 
gate  without  the  presence  of  a  liquid,  and  the  crack  would  be  stopped  by 
the  plastic  relaxation  of  the  matrix  near  the  crack  tip.  Upon  transport 
of  the  embrittling  liquid  to  the  crack  tip,  the  crack  would  again  be 
initiated . 
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Accompanying  the  primary  fracture  of  the  specimen  foil,  a  second 
phenomenon  has  been  observed.  This  involves  a  slower  mechanism  con¬ 
trolled  by  the  transport  of  liquid  gallium  along  surfaces  and  grain 
boundaries.  This  latter  behavior  is  a  corrosion  process  leading  to  the 
eventual  dissolution  of  grain  boundaries  and  subsequent  dismemberment 
of  the  polycrystal. 

Figures  10  and  11  represent  two  photomicrographs  taken  over  a 
10-minute  interval.  The  specimen  had  been  stressed  and  the  primary 
fracture  had  occurred  at  another  place  on  the  specimen.  The  elastic 
stresses  remaining  in  this  area  were  sufficient  to  drive  the  corrosion 
process.  The  open  areas  represent  voids  or  thin  areas  along  inclined 
grain  boundaries,  and  indicate  that  the  individual  crystal  grains,  or 
groups  of  grains,  are  shearing  (grain  boundary  shearing)  out  of  the 
plane  of  the  thin  foil. 

Figure  12  depicts  the  role  grain  boundaries  play  as  diffusion 
short-circuits.  In  this  case,  liquid  gallium  traveled  along  the 
grain  boundaries  and  diffused  out  over  the  nearby  surface.  The  beginning 
of  grain  boundary  dissolution  is  evidenced  by  the  development  of  open 
areas . 

Figures  13  through  16  characterize  advanced  stages  of  grain  boundary 
dissolution.  Figures  13  and  14  show  a  crystalline  grain,  which  after 
having  moved  vertically  away  fram  the  plane  of  the  specimen,  is  held  to 
the  plane  by  forces  of  adhesion  with  the  liquid  gallium,  and  merely 
glides  away  from  its  original  location.  A  closer  examination  of  Fig.  13 
demonstrates  that  the  aluminum  crystal  has  been  divorced  from  its  oxide 
layer,  which  remains  bonded  to  the  whole  oxide  layer,  and  as  the  crystal 
glides  away  it  trails  a  meniscus  of  liquid  gallium.  These  micrographs 
reveal  the  fact  that  liquid  gallium  wets  both  the  aluminum  and  the  alu¬ 
minum  oxide,  and  the  chemistry  of  the  aluminum-gallium  couple  is  suffi¬ 
ciently  reactive  to  separate  aluminum  from  its  normally  tenacious, 
parasitic  oxide. 
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Figures  15  and  16  reveal  individual  crystalline  grains  suspended  in 
a  sea  of  liquid  gallium.  The  original  aluminum  oxide  layer  remains 
unbroken  and  provides  the  sole  support  for  this  colloidal  suspension 
of  aluminum  microcrystals. 
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CONCLUSIONS 


The  conclusions  given  at  this  time  are  only  hypotheses  requiring 
substantiation  through  additional  experiments. 

Electron  microscopic  investigations  of  the  liquid  metal  embrittle¬ 
ment  behavior  of  aluminum-gallium  couples  have  revealed  brittle  fracture 
processes  occurring  through  intercrystalline  attack  by  the  rapid  trans¬ 
port  of  liquid  gallium.  After  the  primary  brittle  fracture,  a  secondary, 
slower  rate,  corrosion  cracking  process  occurred  that  bears  a  striking 
similarity  to  several  of  the  characteristics  of  the  primary  embrittle¬ 
ment. 


Both  processes  appear  to  be  actuated  by  the  mass  transport  of 
liquid  gallium  along  grain  boundaries.  In  the  cases  of  the  primary 
liquid  metal  embrittlement,  the  crack  velocity  is  so  rapid  that  normal 
diffusion  rates,  even  along  grain  boundaries,  are  surpassed  in  order 
to  supply  gallium  to  the  propagating  crack.  Evidence  to  support  this 
lies  in  the  fact  that  no  excess  gallium  is  momentarily  available  at  a 
particular  site  along  the  fracture  surface  to  diffuse  over  the  surface 
of  the  specimen  as  in  Figs.  3  and  4.  On  the  other  hand,  the  slcver 
moving  corrosion  behavior  along  grain  boundaries  yields  some  of  its 
excess  gallium  to  the  surface,  as  in  Fig.  12. 

This  similarity  of  behavior  indicates  enhancement  of  liquid  metal 
transport  along  grain  boundaries  by  many  orders  of  magnitude  for  the 
embrittlement  process.  It  is  felt  that  the  crystallographic  misorien- 
tation  across  a  grain  boundary  does  not  supply  a  mechanism  for  the 
diffusion  enhancement  necessary  for  embrittlement,  since  the  same  mis- 
orientation  occurs  in  the  corrosion  behavior.  A  vacancy  emission  mech¬ 
anism  from  grain  boundaries  under  normal  stresses  fi.e.,  grain  boundaries 
lying  90°  to  the  tension  axis)  could  supply  vacant  lattice  sites  to  the 
approaching  gallium  atoms  at  high  rates,  in  order  to  sustain  an  atom- 
vacancy  exchange  mechanism  of  diffusion. 
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Another  possible  mode  of  rapid  crack  propagation  would  involve  the 
formation  of  an  aluminum-gallium  inte metallic  phase  at  a  grain  boundary. 
As  the  bonds  of  the  second  phase  were  established,  the  forces  of  cohesion 
between  aluminum  grains  would  decrease  and  would  result  in  the  eventual 
separation  of  grains  to  create  a  crack-void.  To  date,  there  is  no  evi¬ 
dence  of  an  lntermetallic  formation;  however,  a  monolayer  of  an  inter- 
metallic  phase  would  be  undetectable  by  conventional  techniques. 

The  rapid  mass  transport  of  liquid  gallium  may  be  'driven"  by  a 
surface  tension  mechanism,  involving  an  effort  to  maintain  the  equilib¬ 
rium  dihedral  angle  at  the  gallium  meniscus.  A  propagating  crack  would 
carry  its  necessary  supply  of  gallium  in  the  form  of  a  droplet  wetted 
to  the  aluminum  and  bound  by  forces  of  surface  tension.  The  crack 
velocity  would  then  decrease  to  zero  as  the  supply  of  liquid  metal  was 
expended.  This  mechanism  could  account  for  the  apparently  high  estimate 
of  enhancement  of  liquid  metal  transport  observed  in  liquid  metal  em¬ 
brittlement.  If  this  were  the  case,  the  actual  mechanism  of  embrittle¬ 
ment  could  be  separated  from  its  accompanying,  but  independent,  slower- 
rate  transport  phenomena. 

It  is  therefore  evident  that  more  studies  along  this  approach 
should  be  conducted. 
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FUTURE  WORK 


Subsequent  research  will  be  directed  toward  an  understanding  of  the 
mass  transport  enhancement  phenomena  observed  In  liquid  metal  embrittle¬ 
ment.  To  achieve  these  ends,  efforts  are  being  directed  toward  high 
speed  photography  with  the  hope  of  photographically  recording  a  propa¬ 
gating  crack. 

Efforts  are  inder  way  for  the  preparation  of  single  crystal  and 
bicrystalline  specimens  of  aluminum.  Attempts  to  initiate  transgranular 
fracture  in  coarse-grained  aluminum  have  only  succeeded  in  promoting  the 
corrosion  process,  but  not  the  high  speed  fracture;  additional  tests  are 
necessary.  The  dependence  of  fracture  path  on  grain  boundary  orientation 
(with  respect  to  the  tensile  axis)  of  bicrystals  is  being  investigated 
The  fracture  behavior  of  single  crystals  in  a  liquid  metal  environment 
will  also  be  studied.  The  recent  observations  of  Westwood1  indicate 
that  this  could  be  a  very  fruitful  approach. 

Experiment  .al  work  has  commenced  on  an  embrittling  couple  with  a 
body-cente red-cubic  crystal  structure  (0-bras s-mercury)  to  determine 
differences  in  fractural  behavior  in  completely  ductile  materials 
(e.g.,  aluminum)  and  materials  which  may  exhibit  brittle  fracture 
(e.g. ,  0-brass) . 

Future  investigations  will  include  grain  size  dependence  of  fracture 
stress  for  an  embrittlement  couple.  Extension  of  these  data  and/or 
experiments  will  be  made  to  several  aluminum  alloys  and  brasses  as  time 
allows. 

1.  Westwood,  et  al.,  Complex-Ion  Embrittlement 
of  Silver  Chloride  November  1964.  RIAS  MARTIN 
CO.  under  (MIR  Contract  Nonr-4 162(00) . 
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FIG.  2  L SQUID  GALLIUM  AT  EDGE  OF  THIN  FILM  OF  ALUMINUM.  Mag.  4, 


III 


FIG.  5 


FIG.  6 


LIQUID  METAL  EMBRITTLEMENT  FRACTURE  SHOWING  INTERCRYSTALLINE 
CRACK  PATH.  Not*  littl*  or  no  liquid  golliuw  on  torfoc*  or*o  od|OC*nt  to  crock. 


FIG.  7  SHEAR  TYPE  OF  FRACTURE  EXHIBITING  “SERRATED”  EDGE.  Photo  of 

unwottod  aluminum  spocimon  pullod  in  tension  undor  idontical  conditions.  Mag.  5,000  X 


FIG.  8  CRACK  TIP  WITH  NO  EVIDENCE  OF  GALLIUM  PRESENT.  Mag.  5,000  X 
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FIG.  9  MICROGRAPH  TAKEN  SEVERAL  MICRONS  FROM  CRACK  TIP 
Edge  shows  residue  of  torn  aluminum  oxide  film  with  large  amount 
of  liquid  gallium  present.  Mag.  5,000  X 


•OCA 


FIG.  10  BEGINNING  OF  CORROSION  PROCESS.  Mag.  10,000  X 


FIG.  12  GRAIN  BOUNDARY  DIFFUSION,  Dark  contrast  signifies  diffusing  gallium. 
Mag.  4,000  X 
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FIG.  13 


FIG.  14 


DISSOLUTION  OF  POLYCRYSTAL  BY  GALLIUM  DIFFUSION. 
Arrows  indicate  meniscus  of  gallium.  Mag.  18,000  X 
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FIG.  16 


MICROGRAPHS  OF  COMPLETELY  DISSOCIATED  POLYCRYSTALLINE 
SPECIMEN.  Mag.  27,000  X 
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